Abstract: An experimental method for radiopacity evaluation of neurovascular implants is presented. State of the art methods are described for cardiovasular implants. To extend the methods to neurovascular devices, imaging parameters were determined from clinical radiography data sets and protocols. To reduce background noise, a thresholding method is introduced. This method is evaluated on a setup with four different laser cut and braided stents. The results are compared to current evaluation methods without filtering. It is shown that unfiltered methods underestimate the radiopacity by 0.89 mm ± 0.21 mm (aluminum equivalent). The introduced method is highly repeatable and uses modern clinical imaging technology. Thus an image evaluation under realisitc conditions is possible. Slightly visible vascular devices and implants can be compared with high accuracy.
Introduction
Implants for cerebral arteries, like laser cut stents or braided nitinol and flow diverter stents often show poor radiopacity in radiography. The tradeoff between delivery systems with a small diameter and material thickness as a main parameter influencing the radiopacity is the major reason for poor visibility of neurovascular implants. Furthermore, skull bones which highly absorb X-ray, may impair visibility in the target areas of the implants.
But implant visibility is a crucial factor for therapeutic success. Therefore, implant manufacturers face the problem to develop implants with adequate visibility. For this, a reproducible testing setup with realistic properties is needed to evaluate the progress. Currently no common written standard for the evaluation of X-ray visibility of vascular stents is available. Few details were published by S et al. [1] referring to DIN 13273-7:2003-08 [2] and ASTM F640-12 [3] as well as by D et al. in [4] . Different methods for the evaluation of radiopacity of neurovascular implants were based on qualitative phantom studies or contrast measurements with individual setups [5] . These setups do not comply with the imaging standards of a neurovascular intervention and should be adapted. In the following, a test setup and an image processing method for a quantitative and repeatable evaluation will be introduced and tested on different implants.
State of the art
State of the art methods recommend the use of a flat detector and X-ray system with a tube voltage of 70 kV and a detector-to-source distance of 1150 mm [1] . A scattering body made of aluminum or polymethyl methacrylate (PMMA) is recommended to be used. As described by S et al. the scattering phantom mimics the attenuation of the human body and decreases the contrast between stent and background. The resulting image is evaluated by contrast calculations, aluminum equivalent or an image histogram. M or W contrast is calculated by means of an area including the stent and a reference area right beside the stent. The stent surface area has a strong influence on this method. With this, contrast calculations of stents with small struts (low stent surface area) and high radiopacity will be underestimated by the arithmetic mean, because the stent structure is not separated from the surrounding.
The aluminum equivalent is determined by measuring the mean gray value of the aluminum steps. A linear regression of those values is done and the calculated mean gray value of the implant area is fitted in the regression line. This results in an equivalent aluminum thickness value, which is independent of the composition of the implant and thus enables the comparison of different stents.
Another method is based on a reference radiographic image without stent and a second image with a stent placed in a defined area. The image without stent is subtracted from that with stent. Consequently it is possible to merely calculate the gray value of the stent surface area by using a simple thresholding. The disadvantage of this method is that the distribution of noise cannot be predicted and varies substantially between different images. Since different material or geometric properties of implants only have little impact on the radiopacity, even minor changes and uncertainties in the measurement setup can influence the result.
The aim of our method is to avoid the inaccuracies and uncertainties of current methods.
Material and methods

Setup
Imaging parameters were determined by the observation of stent interventions. The parameters were adapted to a setup based on a clinical angiographic system (Siemens Artis zeego, Siemens Healthcare GmbH, Erlangen, Germany). The setup comprises a scattering body made of a 200 × 200 × 150 × mm 3 (l × w × h) polymethyl methacrylate (PMMA) block (see Figure 1 ). An aluminum step wedge (see Figure 2 for details) is used as a reference object to translate stent attenuation into a universal and comparable value of equivalent aluminum thickness. The step wedge is placed in the center of scattering body and detector. Several factors attributed to the X-ray system can strongly influence the comparability of different implants and distort the result. For instance, dead pixels of the detector system can overestimate the radiopacity, in particular of small structures. Likewise, an inhomogeneous X-ray exposure, e.g. due to the heel effect, can influence the measurement (see Figure 3) . Those site depending parameters were determined and considered in our calculations.
According to the clinical scenario the detector is placed above the scattering body parallel to the surface of the PMMA block. Source to detector distance is adjusted to 1000 mm. The PMMA block is placed on an extra mounting which is connected to the patient table. The mounting prevents that the patient table is in the field-of-view. 
Image system parameters
State of the art angiographic systems operate with complex control systems, which adapt dose, tube voltage and exposure time during the radiographic acquisition to improve the image quality and reduce the patient dose.
As the X-ray parameters depend on the imaged objects, it is impossible to perform identical experiments. The eventual consequent X-ray parameter highly depend on the object imaged. Therefore it is necessary to ensure a reproducible placement of the scattering body and the aluminum reference.
Image post-processing filters (gain correction, noise reduction, edge enhancement) were disabled and the copper filter was switched off to detect the unfiltered stent characteristics without manufacturer depending image properties. The tube voltage was set to 70 kV as used in clinical practice. Radiography is done in single shot mode with a quadratic measuring field and a field of view of 200 × 200 mm 2 .
Image evaluation
The M contrast measure is used to assess the visibility of the implant. For this purpose, a reference region close to the stent (with the same length and width as the stent region) is defined. The mean gray value G refM of this region is calculated by the arithmetic mean method of all pixels. As distinguished from state of the art methods, the background is separated by a threshold filtering from the stent to merely calculate the mean gray value of the implant surface structure. The threshold between background and stent structure is defined as the value for the reduction of the pixel number in the reference area down to 1% for 70 kV. The remaining pixels ensure, that dead pixels have no influence to the result. The mean stent gray value G stentM is used for the calculation of the M contrast C to:
As reference for the measurement of the aluminum equivalent, the contrast of the single steps of the aluminum wedge is determined by calculating the mean gray values. The area right beside the 0.5 mm aluminum step is used as reference area (see Figure 2) . It is identical in height and width as a single step. The respective contrast of each step is divided by the maximum M contrast of 10 mm aluminum and a linear regression is calculated out of this. For calibration the exact height of the used aluminum step is measured and taken into account. The contrast value of the segmented stent is divided by the maximum contrast of the aluminum step wedge and fit into the regression line.
The majority of neurovascular stents contain marker structures made of a divergent material than the stent struts to enhance the attenuation at well-defined points. The markers were considered separately with the described methods to evaluate the stent radiopacity. For this, the area of interest is reduced to the marker structure.
The amount of pixels of the filtered stent, represented in the area of interest, is counted to obtain an estimation of the projected stent surface area. The coverage of the stent is calculated by dividing the pixel number of corpus and marker by the number of pixel in the unfiltered stent region.
Quality assurance
For the approval processes of medical devices all relevant parameters of a testing should be recorded. For this the following is necessary: -calibration protocol of the aluminium step wedge -tested detector (without dead pixels) -predefined area for stent positioning without disruptive tube/detector effects -logfile of the X-ray system -original DICOM-data -filtered DICOM files -diagram of contrast and aluminum equivalent with fitted stent/marker -number of structure representing pixels A software demonstrator was created to perform the calibration, filtering, measurement, calculation, evaluation and data export as described above.
Results
Body and marker structures of four different nitinol stents were investigated with the introduced method with and without the thresholding method. One was a laser cut stent (3.5 × 25 mm 2 , Figure 4 , 1A-C), the other three were braided nitinol stents (3.5 × 15 mm 2 , see Figure 4 , 2A-C;
6.0 × 35 mm 2 , see Figure 4 , 3A-C; 4.0 × 33 mm 2 , see Figure 4 , 4A-C). Stent three and four had the largest stent areas, which find expression in the number of pixels. In relation to the size of the corresponding stent area, the relative coverage of stent four is the highest with 73.1%. The aluminum equivalent was calculated for every corpus and one marker structure of each stent (see Table 1 ). It was shown that unfiltered images underestimate the equivalent aluminum thickness up to 0.89 mm ± 0.21 mm.
Conclusion
In this paper we presented a method for radiopacity assessment of neurovascular implants, which is less prone to inaccuracies than currently used methods. The results are more precise with background filtering. By counting the pixels, representing the stent corpus and marker, information about the object size can be derived. Furthermore, the introduced method employs imaging parameters which are often used in neurointerventional practice. Consequently the method generates realistic data sets with a highly reproducible evaluation and documentation process. 
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